Fuzzy controllers have gained popularity in the past few decades with successful implementations in many fi elds that have enabled designers to control complex systems through linguistic-based rules in contrast to traditional methods. This paper presents an educational platform based on LEGO© NXT to assist the learning of fuzzy logic control principles at undergraduate level by providing a simple and easy-to-follow teaching setup. The proposed fuzzy control study aims to accustom students to the learning of fuzzy control fundamentals by building hands-on robotic experiments. The proposed educational platform has been successfully applied to several undergraduate courses within the Electronics Department in the University of Guadalajara. The description of robotic experiments and the evaluation of their impact on student performance are both provided in the paper.
Traditional methods to control any dynamic system require the use of some knowledge about the model of the system to be controlled. An accurate approximation of the system is thus crucial for the successful implementation of the control algorithm. Unfortunately, most real systems are nonlinear, highly complex, and too diffi cult or impossible to model accurately. Fuzzy logic is a mathematical framework developed by Zadeh 1 which helps to reduce the complexity of controlling nonlinear systems. Fuzzy logic expresses operational laws of a control system in linguistic terms instead of traditionally used mathematical equations. Such linguistic terms are expressed in the form of IF-THEN rules. Among several successful fuzzy control approaches in the literature, the fuzzy PD controller 2-6 is one of the most robust and easy to implement algorithms.
Fuzzy control is an elective course at the second year of Electronic Engineering. The course attracts about 20 students per semester at each academic year. It has been agreed among our faculty members that the introduction of fuzzy control concepts to undergraduates is challenging and that experimental components such as an educational platform radically helps to understand the practical implications of fuzzy control. However, the number of commercially available educational fuzzy control laboratory kits is rather limited and the existing ones are either too expensive or relative complex to be used. A quick overview on some current available fuzzy logic laboratory kits that offer practical hands-on experience to students is discussed below.
GUNT 7 provides an introduction to digital real-time control by fuzzy methods. The setup includes a ball-beam model which acts as a mechanical single-variable system. A fuzzy control is used to attempt to hold the ball in a specifi c position by tilting the beam. Control algorithms are initially written in the development software In this paper, a simple educational platform based on LEGO© NXT is presented to assist the learning of fuzzy control concepts at undergraduate level. The course starts by theoretically introducing the fuzzy PD algorithm to the students. The capabilities and limitations of LEGO© NXT mobile robots are studied with two experiments using a fuzzy PD controller provided by the lecturer: robot orientation, and a robotic path tracking problem. Students are encouraged to code the real-time application by using their own programming skills over the LEGO platform using ROBOTC©. During the whole process, students strongly reinforce the learning of fuzzy control issues as their motivation is encouraged by the robotic application and the visual results that emerged from experiments and the programming experience. The paper also discusses the positive impact of robotics hands-on experiments for motivating students' interest in learning fuzzy control theory.
The paper is organised as follows. The next section explains the fuzzy PD controller algorithm which features in the experiments, followed by a section showing the LEGO system confi guration. Two further sections describe the robot orientation project and path tracking setup. Student performance and evaluation are discussed and some conclusions drawn.
The fuzzy PD controller
In this work, the fuzzy PD controller 2-6 is used to implement robot experiments. It consists of only four rules and has the structure illustrated in Fig. 1 . The values Gu, Ge and Gr correspond to the output gain, the error gain and error rate gain respectively. All are to be determined either by experimentation or by the method described in Ref. 30 . The value u* is the defuzzyfi cated output, which is also known as 'crisp output'.
Fuzzyfi cation
As shown in Fig. 1 , there are two inputs to the controller: error and rate (the error's change). The error is defi ned as:
The rate is defi ned as follows: where ce is the current error, pe is the previous error and sp is the sampling period. Figure 2 represents two membership functions (positive and negative) for each input (error and rate), with two pairs of membership functions, one at each input (one for the error and one for the rate) and four input membership functions: error positive (ep), error negative (en), rate positive (rp) and rate negative (rn). The output membership function is shown in Fig. 3 . H and L are two positive constants to be determined by experimentation. [4] [5] [6] In order to reduce the number of control parameters, it is assumed that H = L. It is observed that its value depends on the limit of universe of discourse for the input variable of each specifi c control problem as presented in the sub-section 'Implementation' below. The membership functions for the input variables, error and rate, are defi ned as described in Refs 2-3 as follows: 
Where μ ep is the positive error, μ en is the negative error, μ rn is the negative rate, and μ rp is the positive rate. 
Above, ep is the positive error, en is the negative error, rn is the negative rate and rp is the positive rate. More details about the interpretation of these four rules are provided in Ref. 4 . According to Ref. 3 , the defuzzyfi cation method employs the centre of mass method as follows:
are the membership input values and −H,0, H are the membership output values.
In order to simplify the controller algorithm and save computing time, the fuzzy PD controller, adopted at this work, follows the design proposed in Refs 4 and 5. In such an approach, the input space is divided into a 20-input region (IC) as it is shown by Fig. 4 . Nine equations are used to calculate the control output u (see eqn (6)) with only one being used depending on which region is activated by the current combination of the error value and its rate. 
Experimental setup
The block diagram for the LEGO system for both exercises is shown in Fig. 5 . The system uses two servo motors connected to out ports A and B as actuators. Such motors are controlled by a PWM signal (already embedded and transparent to the user) which is generated by the LEGO brick. On the other side, a compass sensor from HiTechnic© is used as input signal in port 1. Such sensor is a digital compass that measures the earth's magnetic fi eld and outputs a value representing the current heading. The magnetic heading is calculated to the nearest 1° and returned as a number from 0 to 359. This third-part sensor is totally prepared to be compatible with the LEGO NXT© electronics, whose implementation using the ROBOTC© program is transparent for the user.
Orientation control using the Fuzzy PD controller In this section, the experiment to control the robot's orientation θ ref using the fuzzy PD controller is explained. In order to reach the reference angle θ ref , the angle's error e θ must be calculated by θ ref -θ actual as depicted by Fig. 6 . Considering the fuzzy approach presented in the second section, the orientation control problem is handled as follows: Using as inputs the angle's error e θ (see Fig. 7 ) and the angle's error rate r (de θ /dt), the fuzzy PD controller identifi es the region (input combination) which corresponds to one out of 20 possible regions (see Fig. 4 ). Once the control region has been defi ned, one of the nine eqns (6) is used to calculate the controller output u.
Implementation of orientation experiment
This section starts by explaining the implementation of the fi rst experiment. Algorithm 1 depicts the whole strategy for controlling the robot's orientation. Line 1 shows the controller's gains which have been experimentally obtained and the L value. Since the angle varies from 360 to −360 degrees, the positive limit (L) is set to 360, defi ning the limits of interest for the universe of discourse at this problem. Using ROBOTC© as development platform, students are encouraged to code the real-time control software. In order to eliminate the errore θ while effi ciently reaching θ ref , lines 4 and 6 of Algorithm 1 have been included to defi ne the shortest way to meet the reference angle considering the actual robot position. Figure 8 shows the inclusion of such code through a generic example. 1 : G e ← 20, G r ← 2,G u ← 0.5 ᭤ defi ning the controller's gains 2: L ← 360 ᭤ and its positive limit Considering its importance, the fuzzy PD controller is described as a separate function (FUZZY(e θ ,r)) which is shown in Algorithm 2. Figure 9 shows the performance of the real-time fuzzy controller for orientation, considering an initial e θ of 90 degrees. Figure 9 , below, shows the evolution of power for the left (ω l ) and right (ω r ) motors over 300 iterations. Such a graphic is a compulsory assignment for each student during the course.
The path tracking experiment
This section presents an experiment to control the tracking of a given robot's path using a fuzzy PD controller. Figure 10 
Implementation of path tracking
In Algorithm 3, the general procedure to implement the path tracking controller is exposed as pseudo code. Line 1 shows the controller's gains which have been experimentally obtained and the L value. This algorithm is explained to the students and they are encouraged to code it by themselves in ROBOTC©. Figure 11 shows the performance of the fuzzy controller for a generic pathtracking task. The robot's reference trajectory and the actual trajectory are both plotted in cm.
Results and discussion
This section describes the positive impact on students after the implementation of hands-on robotic exercises whose target has been the motivation for learning fuzzy control theory. All the experiments in this paper have been incorporated into an elective second-year undergraduate course taught in the Electronics Department of the University of Guadalajara.
This work considers two performance indexes: the Course Examination and the Examination after a year. The former refers to an examination that has been applied to students just after fi nishing courses on fuzzy logic concepts. On the other hand, the latter considers a second examination that is applied to students after one year of fi nishing the fuzzy course. Such procedure aims to evaluate the student's knowledge retention after a year for both the practical and non-practical course attendees.
Both indexes consider a cohort of 40 students with 20 corresponding to those who attended a traditional fuzzy control course and the remaining referring to those students who have attended the fuzzy control hands-on robotic subject. Table 1 shows the values of the Course Examination and the Examination after a year in terms of the Average and the Worst-Best obtained values. The Best value corresponds to the highest mark while the Worst value corresponds to the lowest score. Table 1 presents the Course Examination index which shows that the marks for students attending the hands-on robotic course are higher than those given to students attending a traditional course. A similar trend is observed for the Examination after a year index. Again, the Best index shows that higher marks have been given to students attending the fuzzy hands-on control course. On the other hand, the Worst index addresses lower values for students attending a traditional fuzzy control course. The same trend has been observed for either the Course Examination or the Examination after a year index.
Conclusions
Fuzzy controllers have become popular in recent decades with successful implementations in several industrial and academic subjects, triggering a remarkable availability of fuzzy control courses in technical colleges and universities around the world. Using fuzzy logic control, designing a controller is a relatively simple task even faced with complex and nonlinear systems. In this paper, the authors have presented the use of a simple educational platform based on LEGO© NXT to assist the learning of fuzzy control concepts in undergraduate engineering courses. The capabilities and limitations of LEGO© NXT mobile robots have been studied within two experiments using a fuzzy PD controller. The fi rst experiment addresses the robot's orientation problem while the second solves the robot's path tracking task. Both algorithms and their required additional tools are presented including their corresponding experimental results. The paper has also shown the potential of a LEGO© NXT as a robust robotic platform for teaching fuzzy control. The platform enables students to implement control algorithms by simply doing programming at a high-level language interface. Experimental evidence shows an increase in the performance and reinforcement of learning fuzzy control issues for the students who have attended the hands-on robotic exercises. Similarly, evidence shows a trend to retaining knowledge of fuzzy control issues longer in those students who have worked through the proposed exercises. Such results indicate that the use of robotics motivates the learning of fuzzy control by connecting theory and exercises while making a deeper and lasting impact on the students. 
